Introduction {#Sec1}
============

Seed dormancy is an important trait in cereal crops because lack of seed dormancy causes pre-harvest sprouting (Harlan et al. [@CR17]). Pre-harvest sprouting often occurs in hot, humid conditions at maturity and results in reduced grain quality. The degree of seed dormancy is affected by genetic factors controlling germination including the mechanical hardness of seed coats, the morphological or physiological immaturity of embryos, and the activity of specific metabolic systems (Bewley [@CR5]; Bentsink et al. [@CR4]). Phytohormones are important signaling molecules for germinability and expression of pre-harvest sprouting (McCarty [@CR34]; Gubler et al. [@CR15]). Gibberellin promotes germination, whereas abscisic acid is involved in the onset and maintenance of dormancy. Environmental conditions such as the temperature during the ripening period and the degree of maturity also control seed dormancy and pre-harvest sprouting (Roberts [@CR38]; Anderson et al. [@CR1]; Li and Foley [@CR30]).

A wide range of variation in the level of seed dormancy or resistance to pre-harvest sprouting has been observed in rice as well as in other crop species (Foley [@CR10]; Mori et al. [@CR37]; Hori et al. [@CR18]). Inheritance of these variations is complex (Foley [@CR10]). Extensive genetic studies have revealed more than 40 quantitative trait loci (QTLs) associated with seed dormancy or pre-harvest sprouting resistance for cultivated rice (*Oryza sativa* L.) (Lin et al. [@CR32]; Dong et al. [@CR8]; Guo et al. [@CR16]; Wan et al. [@CR46], [@CR47]; Gao et al. [@CR12]), wild relatives *O. rufipogon* and *O. nivara* (Cai and Morishima [@CR7]; Thomson et al. [@CR44]; Lee et al. [@CR29]; Li et al. [@CR31]) and weedy rice (Gu et al. [@CR13]).

For verification and precise mapping of *Sdr1*, a QTL with a major effect on seed dormancy located on the short arm of chromosome 3, genetic analyses were carried out using backcrossed populations derived from a cross between Nipponbare (*japonica* cultivar) and Kasalath (*indica* cultivar) (Takeuchi et al. [@CR42]). This study demonstrated that *Sdr1* and the heading date QTL *Hd8* were not identical but were closely linked with each other, suggesting that seed dormancy and heading date are independently regulated. Gu et al. ([@CR14]) performed fine linkage mapping of *qSD12*, a QTL with a major effect on seed dormancy detected in weedy rice. This QTL was narrowed down to a \~600 kbp genomic region located on the long arm of chromosome 12 and was suggested to function in the offspring tissue (embryo or endosperm).

Only *indica* cultivars have been used as dormancy parents in all previous QTL analyses using cultivated rice. Despite a wide variation in the degree of seed dormancy among *japonica* rice cultivars (Ikeda [@CR21]), there are no reported genetic analyses of seed dormancy in *japonica* rice cultivars. This is most likely attributable to the extremely low frequency of DNA polymorphisms among *japonica* rice cultivars preventing genetic analyses, including QTL analysis, using progeny from *japonica* rice cultivars. The completion of the International Rice Genome Sequencing Project (IRGSP [@CR23]) has allowed effective large-scale screening for polymorphic simple sequence repeats (SSRs) between *japonica* cultivars and has made it possible to conduct QTL analysis of their progeny. Recent QTL analyses using *japonica* cultivars have identified several QTLs with major effects on grain quality (Kobayashi et al. [@CR26]; Tabata et al. [@CR40]), heading date (Matsubara et al. [@CR33]), culm length (Monden et al. [@CR36]; Hori et al. [@CR19]), and eating quality (Kobayashi and Tomita [@CR25]; Takeuchi et al. [@CR43]; Wada et al. [@CR45]).

Here we aim to identify QTLs for pre-harvest sprouting resistance in the Japanese *japonica* rice cultivars Nipponbare and Koshihikari. Koshihikari showed strong resistance to pre-harvest sprouting, whereas Nipponbare showed moderate pre-harvest sprouting resistance. For QTL detection, we developed reciprocal chromosome segment substitution lines (CSSLs) derived from crosses between Nipponbare and Koshihikari. We identified a QTL on the short arm of chromosome 3 with a major effect on pre-harvest sprouting resistance. Substitution mapping narrowed down the position of this QTL to a small genomic region of 474 kbp. Our results suggest that this QTL is located in the same chromosomal region as *qLTG3*-*1*, which is a low-temperature germinability gene isolated by Fujino et al. ([@CR11]). We investigated seed germinability under low-temperature conditions in the substitution lines and discussed the physiological basis of the QTL for pre-harvest sprouting resistance.

Materials and methods {#Sec2}
=====================

Plant materials {#Sec3}
---------------

For primary QTL analysis, we used 79 backcrossed inbred lines (BILs) of Nipponbare/Koshihikari//Nipponbare (N-BILs), which had been developed by Matsubara et al. ([@CR33]).

For the verification and fine-mapping of QTLs detected in BILs, we developed a set of reciprocal chromosome segment substitution lines (CSSLs). The CSSLs were developed essentially as described by Ebitani et al. ([@CR9]) and this procedure is outlined in Supplemental Fig S1. Nipponbare was crossed with Koshihikari to produce F~1~ plants. The F~1~ plants were backcrossed three or four times with Nipponbare or Koshihikari to obtain reciprocal BC~3~F~1~ and BC~4~F~1~ plants. In every backcrossed generation, heterozygous plants at the target region to be substituted were selected by using DNA markers for further backcrossing or self-pollination. BC~3~F~1~ and BC~4~F~1~ plants were consecutively self-pollinated five and four times to substitute the target regions homozygous for the donor cultivar allele and those homozygous for the recurrent cultivar at other regions. Finally, the genotypes of the CSSLs were again examined by using the DNA markers. Sets of CSSLs were designated as N-CSSLs (Koshihikari segments in Nipponbare genetic background) and K-CSSLs (Nipponbare segments in Koshihikari genetic background), respectively.

To delimit the genomic region of the QTL, we developed 11 advanced substitution lines including nine lines with smaller Koshihikari segments of the short arm of chromosome 3 in a Nipponbare genetic background and 2 lines with smaller Nipponbare segments of the short arm of chromosome 3 in a Koshihikari genetic background. Two plants in which the target region was heterozygous and the other regions were homozygous for the Nipponbare or Koshihikari allele were selected from BC~4~F~4~ families, which were in the process of developing the N-CSSLs or K-CSSLs. Selected plants were consecutively self-pollinated one or two times to obtain the 11 advanced substitution lines in which the target region was homozygous for the Nipponbare or Koshihikari allele.

Genotyping of CSSLs and substitution lines by DNA markers {#Sec4}
---------------------------------------------------------

For genotyping the backcrossed plants during development of CSSLs, we used 104 SSR and 4 SNP markers that covered the 12 chromosomes from the lists provided by McCouch et al. ([@CR35]), IRGSP ([@CR23]), and Matsubara et al. ([@CR33]). Procedures of DNA extraction and polymorphism detection for the SSR markers are described by Matsubara et al. ([@CR33]) and Hori et al. ([@CR19]). An additional 24 SSR markers (McCouch et al. [@CR35]; IRGSP [@CR23]) that showed polymorphisms between Nipponbare and Koshihikari on the short arm of chromosome 3 were used to develop the 11 advanced substitution lines.

Evaluation for pre-harvest sprouting resistance {#Sec5}
-----------------------------------------------

Nipponbare and Koshihikari were cultivated in an experimental field at the National Institute of Agrobiological Sciences (NIAS) (Kannondai, Tsukuba, Ibaraki, Japan) in 2007 and 2008. N-BILs, N-CSSLs, K-CSSLs, and advanced substitution lines were cultivated at the NIAS field in 2008. Seeds were sown in mid April, and seedlings were transplanted into the paddy field in mid May in double-row plots with a distance of 18 cm between plants and 30 cm between rows. Germination percentage (GP) per panicle was used to score the level of resistance to pre-harvest sprouting. Ten panicles of Nipponbare and Koshihikari were harvested at 4--8 weeks (28--56 days) after heading in 2007 and at 4--10 weeks (28--70 days) after heading in 2008. Five panicles of each line in N-BILs, N-CSSLs, K-CSSLs, and advanced substitution lines were harvested at 7 weeks (49 days) after heading in 2008. Harvested panicles were immediately placed under 30°C and 100% humidity. After 7 days incubation, the number of germinated seeds per panicle was counted. Average GPs were calculated for each line.

QTL detection and substitution mapping {#Sec6}
--------------------------------------

In N-BILs, linkage mapping was performed using version 3.0 of MAPMAKER/EXP (Lander et al. [@CR28]). The Kosambi map function was used to calculate genetic distances (Kosambi [@CR27]). QTL analyses were performed using composite interval mapping as implemented by the Zmapqtl program (model 6) provided by version 2.5 of the software package QTL Cartographer (Basten et al. [@CR3]; <http://statgen.ncsu.edu/qtlcart/WQTLCart.htm>). Genome-wide threshold values (*α* = 0.05) were used to detect putative QTLs based on the results of 1,000 permutations.

In N-CSSLs, K-CSSLs, and advanced substitution lines, GPs were compared with each recurrent parent, Nipponbare or Koshihikari, by using the Dunnett's multiple comparison procedure provided by the JMP 6.0 software. QTLs were declared present when GPs were significantly different between each line and the recurrent parents.

Sequence analysis of the low-temperature germinability gene *qLTG3*-*1* {#Sec7}
-----------------------------------------------------------------------

To clarify sequence differences within the low-temperature germinability gene *qLTG3*-*1* that are located within the same genomic region as the target QTL on chromosome 3, we amplified genomic fragments of Nipponbare and Koshihikari by PCR using primers specific for genomic sequences of the *qLTG3*-*1* gene (Fujino et al. [@CR11]). We directly sequenced the amplified fragments (0.5--1.0 kbp) from both the 3′ and 5′ ends with appropriate primers using an ABI3100 Genetic Analyzer (Applied Biosystems, Foster City, CA).

Germinability under low-temperature conditions {#Sec8}
----------------------------------------------

For evaluation of low-temperature germinability (LTG), mature seeds of each line were harvested in the field at an appropriate time and hand-threshed after drying 2 days at 30°C. Harvested seeds were then stored at 4°C for over the following 6 months before testing for germination to break seed dormancy. For each line 30 seeds were placed on a filter paper in a 9-cm Petri dish, and 10 mL of distilled water was added. The dishes were placed in an incubator at 15°C and 11°C. The number of germinated seeds was counted daily. GPs at the 18th day after incubation were used for genetic analysis.

GPs for germinability at low temperature for N-CSSLs, K-CSSLs, and advanced substitution lines were compared with those for each recurrent parent, Nipponbare or Koshihikari, by using the Dunnett's multiple comparison procedure provided by the software package JMP 6.0. Pre-harvest sprouting resistance and germinability under low-temperature conditions were compared among the N-CSSLs, K-CSSLs, and advanced substitution lines to delimit chromosome regions associated with each trait.

Results {#Sec9}
=======

Changes in germination percentages after heading {#Sec10}
------------------------------------------------

GPs of Nipponbare and Koshihikari were investigated from 4 to 8 weeks after heading in 2007 and from 4 to 10 weeks after heading in 2008 to determine appropriate evaluation points in their progenies (Fig. [1](#Fig1){ref-type="fig"}). In 2007 and 2008, the GPs for Nipponbare were increased during the early weeks after heading compared with those for Koshihikari. Differences in GP between Nipponbare and Koshihikari were greatest at 6 weeks in 2007 and at 7 weeks in 2008. The GP of Nipponbare was 64.0 ± 9.6% at 6 weeks in 2007 and 63.3 ± 9.9% at 7 weeks in 2008. The GP of Koshihikari was 31.2 ± 4.7% at 6 weeks in 2007 and 43.3 ± 8.2% at 7 weeks in 2008.Fig. 1**a** Changes in germination percentages in the *japonica* rice cultivars Nipponbare and Koshihikari from 4 to 8 weeks after heading in 2007 and from 4 to 10 weeks after heading in 2008. *Solid and broken lines* indicate germination percentages for the Nipponbare and Koshihikari, respectively. *Error bars* indicate the standard deviations. **b** Panicles of Nipponbare (*left*) and Koshihikari (*right*) at 6 weeks after heading in 2007 following incubation at 30°C for 7 days

In N-BILs, N-CSSLs, and K-CSSLs over 80% of the lines showed a GP of less than 20% at 5 weeks and almost all lines showed a GP of more than 90% at 9 weeks in 2008 (Fig. [2](#Fig2){ref-type="fig"}). At 7 weeks, these populations showed a wide range of distribution in GPs and the BILs showed continuous and transgressive segregation (Fig. [2](#Fig2){ref-type="fig"}). Thus, we used the GPs at 7 weeks after heading in the following genetic analyses.Fig. 2Frequency distributions for germination percentages at 5, 7 and 9 weeks after heading in 2008 in 79 of the Nipponbare/Koshihikari//Nipponbare backcrossed inbred lines (N-BILs), 48 of the Nipponbare/Koshihikari/////Nipponbare chromosome segment substitution lines (N-CSSLs) and 41 of the Nipponbare/Koshihikari/////Koshihikari chromosome segment substitution lines (K-CSSLs). *Black and white arrows* indicate the mean values for Nipponbare and Koshihikari, respectively. *Horizontal lines under the arrows* indicate the standard deviations

QTL detection in N-BILs {#Sec11}
-----------------------

A QTL on chromosome 3 with a major effect on pre-harvest sprouting resistance was detected at the marker interval RM4108-RM5849 with an LOD score of 12.5 and explained variance of 45.0% (Table [1](#Tab1){ref-type="table"}). Another QTL was detected on the short arm of chromosome 12. The Nipponbare alleles of the QTLs on chromosomes 3 and 12 increased the GP by 21.3 and 9.9%, respectively. The digenic interaction between these QTLs was not significant based on a two-way ANOVA using the marker locus closest to both the QTLs (data not shown). Some of the minor LOD peaks with lower statistical significance were found on the short arm of chromosome 5 and on the long arm of chromosome 11 (Suppl Fig. S2). No significant QTLs were detected at 5 and 9 weeks after heading when differences in GPs between the parents were small (data not shown).Table 1QTL for resistance to pre-harvest sprouting at 7 weeks after heading in N-BILsChr.Marker intervalNearest markerLODPVEAE (%)3RM4108-RM5849RM410812.545.021.312RM3455-RM6905RM34553.810.89.9All genetic parameters were calculated by QTL Cartographer ver.2.5 (Basten et al. [@CR3]). The LOD threshold for detection of QTL in the composite interval mapping procedure was 3.5*LOD* Log-likelihood value, *PVE* percentage of total phenotypic variance explained by the QTL, *AE* additive effect of Nipponbare allele for germination percentage

QTL detection in N-CSSLs and K-CSSLs {#Sec12}
------------------------------------

We developed a set of reciprocal CSSLs carrying Koshihikari chromosome segments in the Nipponbare genetic background (N-CSSLs) and carrying Nipponbare chromosome segments in the Koshihikari genetic background (K-CSSLs). Graphical representations of the genotypes of 48 N-CSSLs and 41 K-CSSLs using 104 SSR and 4 SNP markers are shown in Fig. [3](#Fig3){ref-type="fig"}. Each line contained a substituted segment of a particular chromosomal region and additional small segments in non-target regions. The substituted segments covered most of the rice genome, with the exception of four small regions on chromosomes 1 (defined by RM10695) and 4 (defined by RM16316) in N-CSSLs and on chromosome 1 (defined by RM10695 and RM1349) in K-CSSLs. Although we could not rule out the possibility that tiny chromosomal segments of donor lines might not be substituted (particularly at the distal end of each chromosome), the CSSLs developed can be used for the detection of QTLs with minor effects and verification of effects of the QTLs detected in BILs.Fig. 3Graphical representation of genotypes of 48 N-CSSLs and 41 K-CSSLs by the 104 simple sequence repeat (SSR) and four single-nucleotide polymorphism (SNP) markers. *Black, white, and shaded bars* indicate genotypes homozygous for Nipponbare alleles, those homozygous for Koshihikari alleles, and those heterozygous for these alleles, respectively. The graphical genotypes shown here are based on the physical distance included in Build 4.0 Pseudomolecules of the Rice Genome (IRGSP [@CR23]). Genotype data can be obtained on the website of the Rice Genome Resource Center at NIAS (<http://www.rgrc.dna.affrc.go.jp/index.html>)

Accordingly, the GP at 7 weeks after heading was measured in the N-CSSLs and K-CSSLs (Fig. [4](#Fig4){ref-type="fig"}; Suppl Table [1](#Tab1){ref-type="table"}). Among the N-CSSLs, seven lines including SL810 (substitution of short arm of chr. 3), SL811 (chr. 3), SL819 (short arm of chr. 5), SL829 (short arm of chr. 8), SL843 (long arm of chr. 11), SL844 (long arm of chr. 11) and SL845 (long arm of chr. 11), exhibited significantly lower GPs than those of Nipponbare. Among the K-CSSLs, five lines including SL606 (long arm of chr. 2), SL611 (long arm of chr. 3), SL615 (short arm of chr. 5), SL626 (short arm of chr. 8) and SL627 (short arm of chr. 8), exhibited significantly higher GPs than of Koshihikari. These results indicated that putative QTLs were located in the respective chromosome substitution segments. In all cases, the Koshihikari segments decreased the GP.Fig. 4Germination percentages and standard deviations of Nipponbare, Koshihikari, 48 N-CSSLs and 41 K-CSSLs at 7 weeks after heading in 2008. *Black bars* indicate germination of the recurrent parents Nipponbare and Koshihikari. Shaded bars indicate significant difference (*P* \< 0.05) between CSSLs and each recurrent parent by Dunnett's test

Substitution mapping of the QTL on chromosome 3 {#Sec13}
-----------------------------------------------

We performed substitution mapping to delimit the candidate genomic regions of the QTL on the short arm of chromosome 3. By means of marker-assisted selection using an additional 24 SSR markers, we developed nine advanced substitution lines harboring different Koshihikari segments and two advanced substitution lines harboring different Nipponbare segments on the short arm of chromosome 3 (Fig. [5](#Fig5){ref-type="fig"}). For six substitution lines with Koshihikari alleles at the distal region of the short arm of chromosome 3 in a Nipponbare genetic background, the GPs were significantly lower than those calculated for the Nipponbare. Two substitution lines with Nipponbare alleles on a Koshihikari genetic background substituted at marker intervals RM14240-RM7332 and RM14240-RM6349. The GPs of these two substitution lines were significantly greater than those calculated for the Koshihikari. Genotyping by using additional SSR markers revealed that the chromosome segments of Nipponbare in the two K-CSSLs SL608 and SL609 were not substituted at the marker interval RM14240-RM14275 (Fig. [3](#Fig3){ref-type="fig"}). The GPs of the three K-CSSLs were not significantly different to those calculated for Koshihikari. Taken together, these results reveal that the QTL was localized to a 474-kbp region in the distal region of short arm of chromosome 3 (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Graphical genotype of the short arm of chromosome 3 in Nipponbare, N-CSSLs, Nipponbare substitution lines, Koshihikari, K-CSSLs and Koshihikari substitution lines. Positions of the SSR markers, the low-temperature germinability gene *qLTG3*-*1,* and the pre-harvest sprouting resistance QTL *Sdr1* in the rice genome sequence (Build 4.0 Pseudomolecules of the Rice Genome; IRGSP [@CR23]) are oriented from the short arm (*left*) to the long arm (*right*). *Black and white bars* indicate homozygous for the Nipponbare and Koshihikari alleles, respectively. \*\* and \*\*\* indicate germination percentages in pre-harvest sprouting test (30°C) and low-temperature germinability test (11°C) between CSSLs or substitution lines and their recurrent parents are significantly different at *P* \< 0.01 and *P* \< 0.001, respectively

Low-temperature germinability of CSSLs and advanced substitution lines {#Sec14}
----------------------------------------------------------------------

The *qLTG3*-*1* gene is located at 198 kbp from the distal end of the short arm of chromosome 3, and a rice cultivar Italica Livorno has a functional allele whereas Hayamasari has a loss-of-function allele of *qLTG3*-*1* (Fujino et al. [@CR11]). It was interesting that *qLTG3*-*1* is located within the 474-kbp candidate genomic region of the major QTL for pre-harvest sprouting resistance detected in the present study. To reveal the relationship between pre-harvest sprouting resistance and LTG, we determined the genomic sequences of about 1.5 kbp of the *qLTG3*-*1* gene in Nipponbare and Koshihikari. We found a 71-bp deletion in the *qLTG3*-*1* gene in Koshihikari*,* which is identical to the allele from Hayamasari (DDBJ accession No. AB510407) (Suppl Fig. S3). We found a nonsynonymous substitution in the first exon of *qLTG3*-*1* in Nipponbare when we compared with the sequence of Italica Livorno \[adenine in Nipponbare/thymine in Italica Livorno (DDBJ accession No. AB510406)\] (Suppl Fig. S3). This substitution resulted in a leucine (Italica Livorno) to histidine (Nipponbare) substitution at 17th amino acid based on the genomic sequences of *qLTG3*-*1*.

Nipponbare showed higher GPs than Koshihikari at 11°C from the 12th to the 27th day after seed imbibition (Fig. [6](#Fig6){ref-type="fig"}). At 11°C at the 18th day after seed imbibition, the average GP of Nipponbare was 63.8 ± 4.6%, whereas the average GP of Koshihikari was 26.3 ± 10.8% (Figs. [5](#Fig5){ref-type="fig"}, [6](#Fig6){ref-type="fig"}). All CSSLs and SLs having Nipponbare segments at the marker interval RM14240-*qLTG3*-*1*-RM14275 on the distal region of chromosome 3 showed high GPs at 11°C at the 18th day after seed imbibition (Fig. [5](#Fig5){ref-type="fig"}). These results indicate that the Nipponbare segments increased germinability at both 30 and 11°C.Fig. 6Changes in germination percentages in Nipponbare, Koshihikari, SL609, and one advanced substitution line of Koshihikari under low-temperature conditions at 11°C. Germination percentages and standard deviations are shown as indicated

Discussion {#Sec15}
==========

Despite a wide variation in the degree of seed dormancy among *japonica* rice cultivars (Ikeda [@CR21]), there are no reported genetic analyses of seed dormancy in *japonica* rice cultivars. Even though Koshihikari showed a relatively high level of pre-harvest sprouting resistance under field evaluation, this level was not comparable with that of *indica* cultivar and wild relatives, which exhibited deep seed dormancy. One of the reasons why no genetic analysis on the seed dormancy in *japonica* cultivars has been performed so far is the relatively small range of difference. In general, seed dormancy is deeply affected by the seed developmental stage and environmental conditions, particularly temperature and precipitation during ripening stage (Roberts [@CR38]; Anderson et al. [@CR1]; Li and Foley [@CR30]). Therefore, evaluation of the level of seed dormancy under natural field conditions may often not be reliable. To consider this risk, we carefully characterized the changes in the level of seed dormancy (GP) at different stages of ripening for 2 years. In fact, the pattern of changes in the GP during ripening stage is slightly different in 2007 and 2008. In 2007, increasing of GPs of Nipponbare and Koshihikari was observed at the early weeks in comparison to 2008. This might be caused by the difference in temperature during ripening stage between 2007 and 2008. However, the general tendency of the changes in GP seems to be similar between 2007 and 2008. In 2008, differences in GPs between Nipponbare and Koshihikari were not observed early after heading at 5 weeks or late after heading at 9 weeks (Fig. [1](#Fig1){ref-type="fig"}). Thus, evaluations of backcrossed populations must be conducted at a particular stage of maturity around 7 weeks after heading in 2008. Careful monitoring of sampling stage made it possible to perform reliable genetic analyses of pre-harvest sprouting resistance between Nipponbare and Koshihikari.

A QTL on the short arm of chromosome 3 with a major effect on pre-harvest sprouting resistance was confirmed in N-CSSLs, but was not detected in K-CSSLs because of the lack of a line harboring Nipponbare segments at the distal end of the short arm of chromosome 3. Seven QTLs on pre-harvest sprouting resistance on chromosomes 2, 3 (two), 5, 8, and 11 (two) were detected by analysis of advanced mapping populations of CSSLs. We demonstrated that CSSLs, which carry a particular chromosome segment from a donor line in the genetic background of another line, is superior for detection of QTLs with small additive effects that are masked by QTLs with larger effects in primary populations including F~2~ and BILs (Ebitani et al. [@CR9]; Takai et al. [@CR41]; Ando et al. [@CR2]). The large allelic difference at the QTL on chromosome 3 might make it difficult to show statistical significance for other QTLs with minor effects in the BILs. Use of CSSLs allowed verification of QTLs and demonstration of the potential of this approach for identifying QTLs with minor effects. The putative QTL on chromosome 12 in the BILs could not be verified in both N-CSSLs and K-CSSLs. We could not clearly explain this discrepancy. One possible explanation is that putative QTL may be a false positive (type I error). Another explanation is that multigenic interaction may be involved in the expression of the QTL on chromosome 12, although we could not detect any digenic interaction between the two QTLs on chromosomes 3 and 12 by ANOVA. Additional trials to detect QTL for pre-harvest sprouting under different environmental conditions might be necessary to clear this discrepancy.

The Nipponbare alleles of the all QTLs detected in the present study were associated with increased GPs. This result contradicts our observation of transgressive segregation for the GPs at 7 weeks after heading in N-BILs (Fig. [2](#Fig2){ref-type="fig"}). We monitored the GPs at several points after heading in parental lines, CSSLs, and advanced substitution lines, and showed that GPs dramatically changed within 1 week (Fig. [1](#Fig1){ref-type="fig"}). Although we tried to synchronize the developmental stage of the BILs for the evaluation of GPs, it is likely that the sampling stage was not the same for all lines. This resulted in a wider range of GPs in the BILs, in particular towards high GPs, suggesting that there might not be transgressive segregation.

More than 40 QTLs for pre-harvest sprouting resistance have been previously reported for cultivated, wild, and weedy rice (Lin et al. [@CR32]; Cai and Morishima [@CR7]; Dong et al. [@CR8]; Thomson et al. [@CR44]; Gu et al. [@CR13]; Guo et al. [@CR16]; Lee et al. [@CR29]; Wan et al. [@CR46], [@CR47]; Li et al. [@CR31]; Gao et al. [@CR12]). Among them, several QTLs for seed dormancy or pre-harvest sprouting were detected on the short arm of chromosome 3 (Lin et al. [@CR32]; Guo et al. [@CR16]; Lee et al. [@CR29]; Wan et al. [@CR46], [@CR47]). Takeuchi et al. ([@CR42]) have carried out fine-mapping of *Sdr1*, a QTL with a major effect on seed dormancy located on the short arm of chromosome 3, using a Nipponbare/Kasalath population. *Sdr1* was mapped to the marker interval R10942-C2045 around 10.2 Mbp from the distal end of the short arm of chromosome 3. Here, we narrowed down the candidate genomic region of a major QTL for pre-harvest sprouting resistance to a 474-kbp region within the marker interval RM14240-RM14275 on the short arm of chromosome 3 (Fig. [5](#Fig5){ref-type="fig"}). This finding suggests that the major QTL for pre-harvest sprouting resistance detected in the present study is not *Sdr1*. In addition, based on comparisons of genomic positions of DNA markers, two QTLs detected previously near the *Sdr1* locus (Guo et al. [@CR16]; Wan et al. [@CR46]) were also different from the QTLs detected here. We cannot, however, rule out the possibility that the QTL detected in present study is same as those reported by Lee et al. ([@CR29]) and Wan et al. ([@CR47]). To our knowledge, *qSD12* is the only QTL to be identified on the long arm of chromosome 12 (Gu et al. [@CR13]). Here, we identified a novel QTL on the short arm of chromosome 12 in the BILs, suggesting that this QTL was clearly different from the QTL reported by Gu et al. ([@CR13]). The QTLs on chromosomes 2 and 11 reported by Cai and Morishima ([@CR7]) are located near those identified in the present study. Lee et al. ([@CR29]) detected one QTL, *sd3.2,* located on the long arm of chromosome 3. On the short arm of chromosome 5, Lin et al. ([@CR32]), Dong et al. ([@CR8]), and Lee et al. ([@CR29]) identified the QTLs *Sdr2*, *qPHS*-*5,* and *sd5*, respectively. On the short arm of chromosome 8, Lin et al. ([@CR32]) detected the QTL *Sdr5*. These QTL regions overlapped with the QTLs detected in the present study. Based on the current information, we could not clarify whether the QTLs detected in the present study were the same as those previously identified. Further analysis is required for verification of these QTLs.

Several seed dormancy mutants were reported in Arabidopsis, maize and barley, and the responsible genes were involved in the abscisic acid and gibberellin biosynthesis or signaling pathways (McCarty [@CR34]; Gubler et al. [@CR15]). However, we could not find any homologous genes in rice for the mutant genes at the marker intervals of the six QTLs detected in the present study.

Ikehashi ([@CR22]) and Seshu and Sorrells ([@CR39]) reported that seed dormancy or pre-harvest sprouting resistance is correlated with germinability under various conditions including low temperature and osmotic pressure. It is necessary to clarify the relationships between pre-harvest sprouting resistance and germinability under different conditions to gain a deeper understanding of pre-harvest sprouting resistance. In the present study, we demonstrated a possible close relationship between LTG and resistance to pre-harvest sprouting. Although germinability of Nipponbare was significantly higher than that of Koshihikari at 11°C (Fig. [6](#Fig6){ref-type="fig"}), no difference in germinability could be observed between Nipponbare and Koshihikari at 15°C (Suppl Fig. S4). These results suggest that the phenotypic difference in LTG due to *qLTG3*-*1* between Nipponbare and Koshihikari is smaller than that between Italica Livorno and Hayamasari. This notion could be supported by sequence analysis of *qLTG3*-*1* in both Nipponbare and Koshihikari. The Nipponbare allele of *qLTG3*-*1* having one nonsynonymous substitution may be a novel functional allele that is less functional than the Italica Livorno allele. Further genetic and physiological analyses are necessary to clarify the relationship between allelic difference in *qLTG3*-*1* and variations in pre-harvest sprouting resistance.

Expression of *qLTG3*-*1* is associated with vacuolation of the tissues covering the embryo and reduction of the mechanical resistance to the growth potential of the coleoptile (Fujino et al. [@CR11]). The protein encoded by *qLTG3-1* controls germinability under various stress conditions including low and high temperature, high salinity, and high osmotic pressure. Seedling emergence after direct seeding in submerged soil was a target trait in recent breeding programs (Ismail et al. [@CR24]). Gao et al. ([@CR12]) suggested that resistance to pre-harvest sprouting might result in low germinability and insufficient seedling establishment. The results of our current study suggest that the inferior characteristic of low-temperature germinability might be attributable to the QTL associated with pre-harvest sprouting resistance. Regardless of whether the cause is pleiotropy or tight linkage, this association between positive and negative characteristics must be dissolved in order to breed improved cultivars. To this end, positional cloning or further delimitation of the candidate genomic regions of the QTLs for resistance to pre-harvest sprouting is required.

In general, map-based cloning of QTLs in populations from crosses between *japonica* rice cultivars is often difficult due to the low frequency of DNA polymorphisms. However, once we delimit the candidate genomic region of the target gene, a low level of polymorphism become advantageous. In the present study, the candidate genomic region of the QTL on chromosome 3 was delimited to less than 474 kbp by using SSR markers. Sequencing of the candidate genomic region containing this QTL is now feasible with the recent establishment of large-scale sequencing technologies (Blow [@CR6]; Hutchison [@CR20]). Sequence comparisons between the two parental lines will allow us to identify DNA polymorphisms that are associated with the QTL and have functional significance in regulating resistance to pre-harvest sprouting.

The novel CSSLs developed in the present study can be used to enhance the genetic analysis of phenotypic variations in *japonica* rice cultivars. The seeds and genotype data of these CSSLs are available at the Rice Genome Resource Center of the NIAS (<http://www.rgrc.dna.affrc.go.jp/index.html>).
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